This paper presents preliminary findings of an experimental study into the structural behaviour of a new composite beam designed specifically for the civil engineering market. The Filled Resin Core (FRC) beam eliminates most problems associated with standard pultruded beams and is capable of carrying very high loads at a cost similar to steel and concrete beams. Principles of the new design are discussed and test results for three different types of beams are presented.
INTRODUCTION
We are entering an exciting era of change in civil and structural engineering, with the increased availability and usage of new types of materials such as fibre composites. It is expected that the unique mechanical and chemical characteristics of these materials in terms of strength, weight and durability will increasingly challenge the supremacy of conventional materials such as steel and concrete, particularly in weight sensitive applications and corrosive environments.
Despite the widespread use of fibre composites in the aerospace, defence and boating industries, applications in the civil and structural engineering sector have been limited to date. There are many reasons for this, cost is certainly an important one. It is simply not enough to offer civil engineers a reduction in weight and the promise of reduced maintenance costs if the initial outlay is greater than other proven alternatives. Fibre composites have to be competitive in up front cost and subsequently superior when assessed over the life of the structure to provide the necessary incentive for civil engineers to try a new material. Lack of formal design standards and unfamiliarity of civil and structural engineers with fibre composites are other major problems. As a result, the current tendency is to try to find justification for rejecting them, rather than exploring the possibility of an advantageous new approach. However, this situation is about to change as recent research efforts in several countries, including Australia, specifically address the above issues. This paper presents a new and innovative composite beam designed specifically for a civil engineering environment. The new beam is capable of carrying very high loads at a cost similar to standard steel and concrete beams. Principles of the new design will be discussed and test results for three different types of beams will be presented.
FIBRE COMPOSITE BEAMS
One of the most widely used structural elements in civil engineering is the beam. To date, most fibre composite beams have taken the form of the accepted structural shapes in steel and aluminium such as I-beams and box beams. In most countries these types of composite beams are readily available as standard commercial items from pultrusion companies. However, cost and low stiffness have been key obstacles to the usage of these pultruded beams in primary civil engineering applications. Due to their low stiffness, pultruded beams are susceptible to structural instability such as local buckling, often resulting in failure long before the ultimate load carrying capacity of the reinforcement is attained (Barbero et al 1991 , Gilchrist et al 1996 . Introduction of carbon fibre into pultruded beams can significantly improve their stiffness but these hybrid structures are still far too expensive.
Usage of pultruded beams in primary structural applications is also hindered by their limited capability to deal with concentrated loads, bolt holes, and accidental damage. Most beams in civil engineering structures will have to support purlins, ceiling panels, light fittings, audio equipment etc and therefore should be able to deal with concentrated loads at any point along their length. Within limits, it should also be possible to screw, drill and cut beams without creating major problems.
In order to overcome the limitations of standard pultruded beams, a new type of composite beam was recently developed at the University of Southern Queensland, Australia. This new design goes beyond the approach suggested by Deskovic and his fellow researchers . Rather than adding a single layer of concrete to the compression zone, all reinforcement is encased in particulate filled resin (a high strength polymer concrete). This approach does not only increase the efficiency of the compression flange but also eliminates buckling of the webs and local crushing near the supports. Furthermore, by using a particulate filled resin rather than concrete, excellent bond between the reinforcement and filled resin is achieved and problems associated with differential shrinkage and thermal expansion are reduced.
The new beam has shown significant structural potential, however to be successful in the civil engineering market a number of important issues still have to be addressed including; fire protection and behaviour at high temperatures, creep and long-term durability. These topics are currently being investigated.
New Design Approach
In order to reduce the cost of composite beams, expensive fibre reinforcement such as carbon should be used sparingly and only in locations of high strain where it can develop its high strength. Clearly, the use of carbon reinforcement near the neutral axis of a beam is uneconomical. Standard beam theory shows that for materials to be used efficiently they have to be located as far as possible from the neutral axis. In steel this has resulted in the extensive use of I-beams and box beams. In these beams the flanges carry the bending moment and the webs are used to keep the flanges apart and provide the necessary shear strength. The same principles should be applied to fibre composite beams. They should have unidirectional flanges at the extreme distance from the neutral axis and these flanges should be held apart by a core/spacer material that provides the necessary shear strength and torsional rigidity.
This core/spacer material needs to be of significantly lower cost than the composite flanges to reduce the overall cost of the beam. The core material chosen for the present beam is a Particulate Filled Resin (PFR) -a combination of epoxy resin and a ceramic microsphere filler. This type of core is strong, damage tolerant and can support screws and bolts. Another advantage of the PFR core is that it is "castable" which allows for the production of both limitless crosssectional shapes and variations along the length of a structural element. The properties and cost of the PFR depend on the type and amount of filler and base resin used. On average it is between 4-8 times cheaper than steel. This reduces the cost compared to an all composite beam.
· Protects the reinforcement from environmental and accidental damage. The beam has a 5 mm external cover (similar to concrete beams) which protects the reinforcement and, with the addition of a fire retardant, provides the required fire rating.
· Prevents buckling and edge delamination of the reinforcement. This eliminates the most common failure modes of standard pultruded beams. The solid part at mid height ties the webs together and eliminates web buckling.
· Carries all concentrated loads, including support reactions.
No special hard points are required.
· Significantly contributes to the beam's overall load carrying capacity.
· Is capable of supporting screws and bolts. 
Reinforcement
It is of paramount importance that fibre composite beams are designed such that they give reasonable and adequate warning of failure prior to reaching their ultimate load carrying capacity. Unlike metals, fibre composites do not exhibit gross yielding and therefore the design should ensure that excessive deflection occurs before failure. Other types of warning such as local buckling can also be used but often result in less economical beams. characteristics attributed to sequential ply failure. For example, a glass/carbon hybrid laminate exhibits non-linear behaviour and significant displacements before failure when loaded in tension. This pseudo ductile behaviour is the result of the different failure strains of glass and carbon. The failure strain of glass (2%) is about twice that of carbon (1%), therefore when the carbon fails, the glass has reached only half of its failure stress. The amount of carbon and glass can be tailored such that the laminate will continue to carry load after failure of the carbon. This residual load carrying capacity is associated with a large increase in displacement. Fig. 2 shows a schematic load-strain behaviour of a 1. Cut PVC tubes to length and wrap the tubes with wet double bias reinforcement. 2. Place the wet tubes in the formwork and close off the formwork with two end dams (Fig.  3b ). 3. Fill the formwork with particulate filled resin (Fig. 3c ). 4. Let the filled resin cure and demould. 5. Lightly sand the beam surface and apply top and bottom reinforcement. 6. Once the reinforcement has cured, apply a wet double bias wrap to the beam. 7. Replace the beam with the wet double bias wrap in the formwork. 8. Pour another 5 mm of resin around the beam, let it cure, demould and post cure.
The final beam has a good quality finish and requires no further work. Coupon testing was used to determine the tensile strength of the carbon/epoxy and glass/epoxy laminae. The load carrying capacities per mm width were as follows: -Carbon/epoxy lamina 480 N/mm width (thickness 0.5 mm, failure stress 960 MPa, Modulus of Elasticity 95 GPa) -Glass/epoxy lamina 340 N/mm width (thickness 0.5 mm, failure stress 680 MPa, Modulus of Elasticity 32 GPa).
DESIGN OF TEST BEAMS
The failure strain of the carbon lamina was approximately 1% and that of the glass 2%.
Test beam 1
During the design of the first test beam it was assumed (based on limited experience with the new core material) that the particulate filled resin core would act as a 'standard' core material ie. it would carry the shear load and keep the top and bottom flange apart but its contribution to the bending moment capacity would be minimal. Hence, the bending moment capacity of the cross section was determined using the capacity of the top and bottom reinforcement only.
The first test beam was 100 mm wide and 180 mm deep (outside dimensions). The width of the top and bottom flange was 65 mm and the lever arm between the two flanges 170 mm. The same laminate was used for the top and bottom flange, 2×glass/ carbon/ glass, resulting in an overall symmetric beam. At failure of the carbon, the glass has reached only half of its load carrying capacity, namely 340/2=170 N/mm width. Hence, the estimated bending moment at failure of the carbon equals: 480×65×170 + 3×170×65×170 = 10.94 kNm (the associated deflection is 40 mm). The ultimate bending moment of the cross section (moment at failure of the glass) equals: 3×340×65×170 = 11.27 kNm (the associated maximum deflection is 80 mm).
Test beam 2
Test beam 2 was designed after beam 1 had been tested. As will be discussed later, beam 1 failed in a brittle manner at a relatively low strain level. In order to get a more ductile behaviour the amount of glass in the top and bottom flange of beam 2 was increased to twelve layers, the amount of carbon was kept the same. The estimated bending moment capacity of beam 2 at failure of the carbon equals: 480×65×170 + 12×170×65×170 = 27.8 kNm (the associated deflection is 40 mm). The ultimate bending moment (the moment at failure of the glass) equals: 12×340×65×170 = 45.08 kNm (the associated maximum deflection is 80 mm).
Test beam 3
Beam 3 was made similar to beam 2 except for the reinforcement in the top flange. In order to investigate the capability of the filled resin to provide the necessary compression force on its own, the top reinforcement was reduced to two layers of glass only. These layers were applied to stop possible spalling of the filled resin. No estimates were generated for this beam.
DISCUSSION OF TEST RESULTS
All beams were tested in four point bending using a simply supported geometry and a 1800 mm span. Load was applied at 1/3 and 2/3 of the span. Displacements were measured at midspan. No constraints were utilised to prevent local buckling or lateral torsional buckling. All beams failed Beam 2 failed at 43.69 kNm, which is very close to the predicted failure moment of 45.08 kNm. The first noise was heard at 20 mm deflection and continued until the beam failed at 52 mm deflection. This corresponds to a strain of 1.4%, which is less than the predicted 2%. An explanation for this discrepancy has not yet been found.
Beam 3 also failed through rupture of the tensile reinforcement, which indicates that the filled resin is capable of carrying very high compressive loads. Because the neutral axis has shifted downwards due to the asymmetric lay-up of this through rupture of the bottom reinforcement in the middle third of the beam. A typical failure mode is shown in Fig. 4 . The moment deflection behaviour of the beams is shown in Fig. 5 . moment predicted. It is obvious from this result that the filled resin contributes significantly to the load carrying capacity of the beam. The deflection at failure was 28 mm which is significantly lower than predicted. The strain at the bottom of the beam at 28 mm deflection is approximately 0.7%. Testing has shown that this is approximately the failure strain of the filled resin. At 22.92 kNm the beam has significantly exceeded the load that can be carried by the glass/ carbon reinforcement alone. Therefore when the filled resin fails, the whole beam fails in a brittle manner.
beam, the 62 mm deflection again represents a failure strain in the reinforcement of approximately 1.4-1.5%.
CONCLUSIONS
The preliminary test results clearly show the potential of this new type of beam. All beams failed through ultimate failure of the tensile reinforcement and no local buckling problems were experienced. The load carrying capacity of the particulate filled resin has exceeded all expectations. This capacity should be taken into account when designing the reinforcement. Failure to do so will result in an 'under reinforced' beam which exhibits brittle failure. The failure moment of beam 2 is quite impressive. A steel box beam of similar size would require a wall thickness of approximately 8 mm for a similar failure moment. Beam 2 also exhibited large deflection before failure, which should give plenty of warning in a real structural application. The test on Beam 3 has shown that the particulate filled resin can carry very high compressive loads. This capacity could be used to reduce the compression reinforcement similar as for concrete beams. However, further research is required to determine how the filled resin is affected by creep and temperature.
